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Serine protease cascades are involved in blood
coagulation and immunity. In arthropods, they regu-
late melanization, which plays an important role in
immune defense and wound healing. However, the
mechanisms underlying melanization pathways are
not completely characterized. We found that in the
mosquito Aedes aegypti, there are two distinct mela-
nization activation pathways carried out by different
modules of serine proteases and their specific inhib-
itors serpins. Immunemelanization proteases (IMP-1
and IMP-2) and Serpin-1 mediate hemolymph proph-
enoloxidase cleavage and immune response against
the malaria parasite. Tissue melanization, exempli-
fied by the formation of melanotic tumors, is con-
trolled by tissue melanization protease (CLIPB8),
IMP-1, and Serpin-2. In addition, serine proteases
CLIPB5 and CLIPB29 are involved in activation of
Toll pathway by fungal infection or by infection-inde-
pendent manner, respectively. Serpin-2 is implicated
in the latter activation of Toll pathway. This study
revealed the complexity underlying melanization
and Toll pathway in mosquitoes.
INTRODUCTION
Serine proteases (SPs) play essential roles in a wide range of bio-
logical processes, including innate immunity. They constitute an
integral part of immune reactions, such as the complement
cascade in vertebrates and the Toll and melanization cascades
in arthropods. SP cascades have evolved as amplificationmech-
anisms of immune responses enhancing pathogen detection
systems. For ensuring their activation in a precise temporal
and spatial manner, SP cascades are strictly controlled by their
specific inhibitors, serpins (Kanost, 1999; Lemaitre and Hoff-
mann, 2007; Roh et al., 2009; Wagenaar-Bos and Hack, 2006).
Considering the unprecedented regulatory complexity of SP
cascades, understanding mechanistic and evolutionary aspects
of innate immunity, blood clotting, and other defense mecha-
nisms represents a formidable task. In recent studies, utilizing
the genetic model organism Drosophila, details of SP-serpin
modules controlling Toll and melanization cascades have been
deciphered (Buchon et al., 2009; Roh et al., 2009; Tang et al.,2006). However, studies of other organisms are required to
further advance our knowledge of the role of SP cascades in
a diversity of immune reactions. This is particularly true for
arthropod vectors, the immune system of which is involved in
an intricate interplay with the disease pathogens they transmit.
Melanization is an important component of the invertebrate
defense system in which a SP cascade plays an essential role.
Melanization has been linked to wound healing and pathogen
sequestration in diverse arthropod species, such as the crayfish
Pacifastacus leniusculus, the moth Manduca sexta, and
Drosophila melanogaster (Cerenius et al., 2008; Cerenius and
So¨derha¨ll, 2004; Liu et al., 2007; Scherfer et al., 2008; Tang
et al., 2006, 2008; Zhao et al., 2007). Phenoloxidase (PO) is
a key enzyme of this reaction; active PO catalyzes monophenols
to o-diphenols and further oxidizes these o-diphenols to
o-quinones. Quinones are precursors of melanin, which is
deposited at the wound or around a parasite (Nappi and Chris-
tensen, 2005). Prior to activation of the melanization reaction,
PO occurs as an inactive precursor prophenoloxidase (PPO).
Significantly, the proteolytic activation of PPO is mediated by
a clip domain serine protease (cSP) cascade. Arthropod-specific
cSPs involved in the melanization reaction are designated as
melanization proteases (MPs). At the end of the PPO proteolytic
activation cascade, PPO is directly cleaved by a MP in the pres-
ence of clip domain serine protease homologs (cSPHs) (Cerenius
and So¨derha¨ll, 2004; Gorman et al., 2007; Jiang et al., 1998).
cSPs are trypsin-like proteases with an N-terminal disulfate-
knotted clip domain and a C-terminal domain with protease
activity. In contrast, cSPHs have a noncatalytic protease-like
domain and an N-terminal clip domain. cSPHs have been char-
acterized as highly efficient cofactors of MPs in the melanization
reaction (Cerenius and So¨derha¨ll, 2004; Lee et al., 1998). Spon-
taneous melanization is prevented by serpins (SP inhibitors) that
are present in the hemolymph (Kanost, 1999). PPOactivation has
been found to be negatively regulated during the melanization
cascade by serpins, such as Drosophila melanogaster Spn27A
and Spn28D (De Gregorio et al., 2002; Ligoxygakis et al.,
2002b), Anopheles gambiae Serpin-2 (Michel et al., 2005; Michel
et al., 2006), andManduca sexta Serpin-3 (Zhu et al., 2003). The
absence of melanization-related serpins, caused by either muta-
tions or RNA interference depletion, results in spontaneous mel-
anization and formation of melanotic pseudotumors in cuticle,
internal organs, or tracheal epithelium (De Gregorio et al.,
2002; Ligoxygakis et al., 2002b; Michel et al., 2005; Zou et al.,
2008; Tang et al., 2008).
Mosquito-borne diseases are among the major concerns of
world-wide public health. Pathogens of these diseases haveImmunity 32, 41–53, January 29, 2010 ª2010 Elsevier Inc. 41
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Figure 1. Effect of the RNAi-Mediated Depletion of Serpin-1, Serpin-2, or Serpin-3 on the Cleavage of PPOs in the Mosquito Aedes aegypti
(A) Real-timeRT-PCRanalyses of inducible expression of serpin genes. N, Naive UGAL; Ec, 5 hr afterE. cloacae challenge; BB, 2 days afterB. bassiana challenge;
CA, 2 days after C. albicans challenge. Cecropin and RPS7 are present as controls.
(B) The effect of serpin depletion on PPO cleavage inmosquitowhole-body protein extracts. The reduction of the uncleaved 70 to 75 kDaPPObandwas observed
in the mosquitoes with serpin-1, -2, or -3 RNAi-mediated depletion. Each lane was loaded with whole-body extracts from one-tenth mosquito equivalents and
used for immunoblot analysis using Manduca sexta PPO1 and PPO 2 antibodies. Amounts of b-actin are shown in the lower panel as a loading control.
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Distinct Melanization Pathways in Mosquitocomplex life cycles; they undergo obligatory developmental
stages and multiplication inside mosquito vectors before they
can be transmitted to humans. During such proliferation cycle,
a pathogen faces multiple barriers of the mosquito innate
immune system. Deciphering the interaction between a path-
ogen and the innate immune system of its vector host is crucial
for our understanding of the evolutionary success of pathogens
of human mosquito-borne diseases.
Melanization in mosquitoes has attracted substantial attention
because it was reported that the specific genetic traits of the
human malaria vector An. gambiae strain (R strain) refractory
to the simian malaria parasite, Plasmodium cynomolgi, led to
melanization of ookinetes and prevention of parasite develop-
ment into oocysts (Collins et al., 1986). In An. gambiae, the ooki-
nete melanization of the rodent parasite Plasmodium berghei
after RNA interference (RNAi)-mediated depletion has been
used primarily as a phenotype to characterize the molecular
interaction between melanization and parasite proliferation
(Cohuet et al., 2006). In An. gambiae (S strain), the activation of
melanization by RNAi depletion of CTL4 (C-type lectin 4) and
CTLMA2 (C-type lectin mannose binding 2) or of Serpin-2 was
shown to result in ookinete melanization but did not affect
the development of the human parasite P. falciparum (Osta
et al., 2004). Detailed RNAi screening identified four CLIPB
SPs that promote melanization of P. berghei ookinetes and
exhibit partial functional overlap. Additionally, ookinete melani-
zation requires CLIPA8—a member of the noncatalytic CLIPA-
cSPH subfamily (Volz et al., 2006)—which has been shown to
participate in bacterial and Plasmodium melanization but is not
required for either melanization of the wound surface or forma-
tion of melanotic pseudotumors in Serpin-2-depleted mosqui-
toes (Schnitger et al., 2007). Four immune-inducible PPO genes
are regulated by the RUNX4 transcriptional activator, which is
involved in Toll-mediated defense against malaria parasites
(Zou et al., 2008). These studies indicate the complexity of anti-
pathogen melanization mechanisms present in mosquitoes.
Further investigation of MPs and their counterpart serpins is
essential for defining specific types of melanization existing in
mosquito defense in general and against malaria parasites in
particular.
There is a large expansion of the genes potentially involved in
the melanization pathway in mosquitoes relative to that in other
insects, such as D. melanogaster, Tribolium castaneum, and
Apis mellifera (Evans et al., 2006; Waterhouse et al., 2007; Zou
et al., 2007). Nine PPO genes are present in An. gambiae and
ten in Aedes aegypti genomes compared with only one to three
in flies and other insect species (Waterhouse et al., 2007). In
addition, there is an extraordinary gene expansion of subgroups
of cSPs and serpins (Waterhouse et al., 2007). These gene
expansions suggest the presence of multiple activation mecha-
nisms of melanization, specifically directed toward defense
reactions of pathogen melanization in mosquitoes.
Indeed, in this work we have deciphered two distinct melani-
zation activation pathways carried out by different modules of(C) The inhibitory effect of Serpin-1 or Serpin-3 on the cleavage of hemolymph PP
M. sexta PPO1/2 antibody was observed in hemolymph proteins in Serpin-1- o
shown in the lower panel as a loading control. Five mosquito equivalents were use
by direct injection of their corresponding dsRNAs.serine proteases and their specific inhibitors serpins in the mos-
quito Aedes aegypti. Genome-wide RNA interference (RNAi)
depletion of Serpin genes identified three potential candidates
for regulating melanization: Serpin-1, Serpin-2, and Serpin-3.
Yeast two-hybrid experiments revealed differential specificity
of Serpin-1 and Serpin-2 in their interactions with CLIPB-cSPs.
In particular, Serpin-1 acts together with CLIPB9 (Immune mela-
nization protease 1 [IMP-1]) and IMP-2, whereas Serpin-2 acts
together with tissue melanization protease (TMP) and IMP-1.
RNAi depletion experiments indicate that TMP and IMP-1 are
key proteases that activate tissue melanization, exemplified by
the Serpin-2-deficient formation of melanotic tumors, and
this action requires the synergism of these two proteases. In
contrast, the hemolymph PPO cleavage, triggered by RNAi
depletion of Serpin-1 or immune response to fungal infection,
was compromised by concurrent RNAi depletion of IMP-1 and
IMP-2. RNAi depletion of either IMP-1 or IMP-2 compromised
Cactus-mediated inhibition of development of the malaria para-
site Plasmodium gallinaceum, suggesting that these immune
melanization proteases are involved in the immune response
against this pathogen. In addition, we show that serine proteases
CLIPB5 and CLIPB29 are involved in activation of Toll pathway
by fungal infection or by infection-independent manner, respec-
tively. Serpin-2 is implicated in the latter activation of Toll
pathway. Thus, this study has uncovered the complexity ofmela-
nization and Toll pathways that involved expanded groups of
cSPs and serpins in the mosquito Aedes aegypti.
RESULTS
The Cleavage of PPOs by Serpin Depletion
Because proteolytic activation of PPO is negatively modulated
by serpins (Cerenius et al., 2008), the depletion of a melaniza-
tion-specific serpin by RNAi leads to the proteolytic cleavage
of PPOs and activation of melanization. In this study, we con-
ducted a systematic screen of expression and function of Aedes
serpins. Of the 26 serpin genes encoded by the Ae. aegypti
genome, 13 were induced in response to microbial and fungal
infection in adult female mosquitoes, as shown bymeans of real-
time RT-PCR (Figure 1A). Then, we conducted RNAi screening of
17 serpins (13 immune-inducible and 4 constitutively expressed
genes) by using a phenotype of melanization activation, which
results in a reduced amount of uncleaved 70 to 75 kDa PPOs
in whole-body extracts in the absence of a specific serpin (Fig-
ure 1B). We showed that the Serpin-2 depletion affected this
phenotype. Similarly, RNAi targeting of Serpin-1 and Serpin-3
triggered the reduction of uncleaved PPOs (Figure 1B). However,
RNAi depletion of other serpins did not yield the same results
(Figure 1B). Importantly, we could not detect any melanotic
pseudotumors in mosquitoes after Serpin-1 or Serpin-3 RNAi-
mediated depletion (Figure S1A, related to Figure 1, available
online). Previously, we observed melanotic pseudotumors
around internal organs and tissues after RNAi-mediated deple-
tion of Serpin-2 in the mosquito Ae. aegypti (Zou et al., 2008).Os. The appearance of 18 to 20 kDa cleaved N-terminal PPO product against
r Serpin-3-depleted mosquitoes. Levels of lipophorin II in the hemolymph are
d for each lane. Prefix i indicates the RNAi-mediated depletion of certain genes
Immunity 32, 41–53, January 29, 2010 ª2010 Elsevier Inc. 43
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the PPO-PO protein profile after RNAi targeting of Serpin-1,
Serpin-2, and Serpin-3. By usingM. sexta PPO1 and PPO2 anti-
bodies, we detected three major protein bands in hemolymph
samples: an uncleaved 70 to 75 kDa PPO, a long 50 kDa
C-terminal PO, and a short 18 to 20 kDa predicted N-terminal
fragment. The 18 to 20 kDa fragment of PPOs showed clear
enrichment in hemolymph samples of mosquitoes with the
RNAi-mediated depletions of either Serpin-1 or Serpin-3 (Fig-
ure 1C). In contrast, most hemolymph samples from mosqui-
toes with Serpin-2 depletion demonstrated no PPO fragment,
although occasionally some demonstrated a minor presence
(Figure 1C). Unlike the reduction of uncleaved PPOs observed
in mosquito whole-body extracts (Figure 1B), the amount of
hemolymph uncleaved PPOs were relatively constant in Ser-
pin-1- or Serpin-3-depleted mosquitoes, suggesting the pres-
ence of a homeostasis mechanism of hemolymph PPOs during
the melanization activation by PPO cleavage.
On the basis of biochemical analyses, PPO has been shown to
be activated by cleavage in Arg51 from the N-terminus in the
moths M. sexta and B. mori (Jiang et al., 1998; Satoh et al.,
1999). However, in the crayfish, its cleavage site is located in
a more distant position, Arg176 (Aspa´n et al., 1995; Cerenius
and So¨derha¨ll, 2004). In the Coleopteran insect Holotrichia
diamphalia, PPO activation undergoes a second cleavage at
Arg162, leading to an active PO (Kim et al., 2002). We assumed,
on the basis of the size of the cleaved protein fragment, that PPO
cleavage in the mosquito hemolymph occurs at the Arg or Lys
around the 162 position (Figure S1B, prediction of the proteolytic
activation sites of PPOs, related to Figure 1).
Mosquito genes encoding Serpin-1, Serpin-2, and Serpin-3
are linked in a genomic locus and belong to a group of serpins
clustering with the Manduca gene encoding Serpin-3,
Drosophila gene encoding Spn27A, and Anopheles gene encod-
ing Serpin-2 (Figure S2, phylogenic analysis of serpins, related
to Figure 2). M. sexta Serpin-3 has been biochemically charac-
terized as a specific inhibitor of two cSPs, PPO-activating
protease-1 (PAP-1) and -3, which directly cleave and activate
a PPO (Zhu et al., 2003). Drosophila Spn27A has dual functions
as an inhibitor of both melanization proteases (the cSPs MP1
and MP2) and Easter, a terminal cSP of the SP cascade of
Drosophila embryonic development (Hashimoto et al., 2003;
Ligoxygakis et al., 2003). In An. gambiae, Serpin-2 binds and
inhibitsM. sexta PAP-3 in vitro, and its RNAi-mediated depletion
triggers the formation of melanotic pseudotumors in vivo (Michel
et al., 2006). Our phylogenic analysis (Figure S2, phylogenic
analysis of serpins, related to Figure 2) clearly suggests that
the number of serpins in Ae. aegypti has been evolutionarily
expanded. Taken together with the results of differential effects
of serpin depletion on PPO hemolymph cleavage, our findings
suggest that serpins are probably involved in the multiple regu-
latory mechanisms of melanization in the mosquito Ae. aegypti.
Three Clustered CLIPB Groups as Possible Candidates
for Mosquito Melanization Proteases
Previous biochemical studies have shown that two components
of the SP cascade—cSPs and cSPHs—are required for the effi-
cient activation of melanization (Jiang et al., 1998; Jiang et al.,
2003). In Ae. aegypti and An. gambiae mosquitoes, cSP and44 Immunity 32, 41–53, January 29, 2010 ª2010 Elsevier Inc.cSPH (CLIPs) are classified into five subfamilies—A, B, C, D,
and, most recently, E—on the basis of their sequence specificity
and phylogenic relationship (Waterhouse et al., 2007). Almost all
CLIPA and CLIPE group proteins encode cSPHs, which evolu-
tionarily lost their protease activity (Piao et al., 2005). Most
members of the other three groups are expected to have SP
activity; this includes the largest CLIP subfamily in Drosophila
and mosquitoes—CLIPB-cSPs.
Currently, all of the proteases that are known or have been
suggested to directly cleave PPO in insects belong to the CLIPB
subfamily of cSPs. The N-terminal part of these CLIPB-cSPs is
involved in the interaction with upstream SPs for the cascade
activation, and the C-terminal protease domain cleaves the
PPO to active PO (Kim et al., 2002; Piao et al., 2005). When we
investigated the phylogenic relationship of the CLIPB subfamily
in mosquitoes and other insects, three clades that harbor mela-
nization proteases were identified (Figure 2A). Five CLIPBs from
the Ae. aegypti genome (Aedes CLIPB8 [TMP] and Aedes
CLIPB38, B39, B40, and B41) belong to the group I clade, which
also includes an An. gambiae CLIPB8, B. mori PPAE, and
M. sexta PAP-2 and PAP-3. Ae. aegypti CLIPB9 (IMP-1), IMP-2,
and CLIPB10, together with M. sexta PAP-1, Drosophila MP2,
and Holotrichia PPAFI, belong to the group-II clade (Figure 2A).
Interestingly, only a single CLIPB9-B10 is present in theAn. gam-
biae genome, which is orthologous to both IMP-1 and IMP-2
of Ae. aegypti. Aedes CLIPB5 belongs to the group-III clade,
which also includes Drosophila Easter and MP1 (melanization
protease-1) as well as Tenebrio SPE.
Ae. aegypti CLIPB10 had previously been annotated as a gene
encoding single protease containing two SP domains. Using
RT-PCR and sequencing, we found this previous annotation to
be a result of the chimeric combination of two different CLIPB-
cSP genes, separately named here as IMP-2 and CLIPB10
(Figure 2B). In An. gambiae, CLIPB9-B10 belongs to group II,
although we have not yet elucidated whether An. gambiae
CLIPB9-B10 is a chimera of two different CLIPB-cSP genes.
Interestingly, all eight Aedes CLIPB-cSP genes of the group I
and II clades were found in a genomic locus of supercontig
1.93 (Vectorbase, AaegL1.1) (Figure 2B).
RT-PCR screening revealed that, of 36 CLIP-cSPs, 16 were
induced by microbial and fungal infections (Figure S3, related
to Figure 3). Further analyses by means of real-time RT-PCR
and RNA blot showed the transcripts of eight MPs from MP
clades I, II, and III CLIPB-cSPs to be substantially elevated after
septic infections in adult femalemosquitoes (Figures 3A and 3B).
Using RNA blot analysis, we detected that the transcripts of
IMP-1 and IMP-2, similar to those of Serpin-1, Serpin-2, and Ser-
pin-3, were present in the fat body and were substantially
enriched after microbial and fungal infections (Figure 3A). The
transcript of TMP was also present at a high amount in the fat
body, but not enriched by immune challenge (Figure 3A). Tran-
script expression was relatively low in the hemocytes when
compared with the fat body (Figure 3A). There are four more
cSPs that belong to the MP clade I together with TMP: CLIPB38,
CLIPB39, CLIPB40, and CLIPB41. These genes—and the gene
encoding CLIPB10, which belongs to MP clade II—were not as
highly expressed in female adult mosquitoes as TMP or IMPs;
however, with real-time RT-PCR analysis, they were shown to
be induced during the immune response. Interestingly, these
Figure 2. Genome-Based Predictions of Melanization Proteases in the Mosquito Ae. aegypti by Means of Phylogenic Relationship and Their
Gene Expression Profiling during Immune Responses
(A) Phylogenic relationship between CLIPB-cSPs of mosquitoes and other insect species. Arrowheads at nodes demonstrate bootstrap values between 800 and
1000 trials.
(B) All eight CLIPB-cSPs belonging to MP I and II clades are present in a genomic locus in the mosquito.
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Figure 3. Transcriptional Regulation of Melanization Proteases and Serpins
(A) Northern blot analysis of immune-inducible and fat-body-specific expression of IMP-1 and -2 genes, as well as Serpin-1, -2, and -3 genes. TMP gene expres-
sion was not immune inducible, but specific for the fat body.
(B) Inducible expression of the other five CLIPB-cSP genes belonging to MP I and II clades detected by means of real-time RT-PCR analyses during immune
responses to different microbes in adult female mosquitoes.
(C) RNAi analysis of IMP-1 and IMP-2 gene expression. Activation of IMP-1 and IMP-2 genes is dependent on REL1, but not RUNX4. Prefix i indicates the RNAi-
mediated depletion of certain genes by direct injection of their corresponding dsRNAs. iLuc (luciferase dsRNA), iCactus-iLuc, iCactus-iREL2, and iCactus-
iRUNX2 were used as controls.
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Distinct Melanization Pathways in Mosquitofour cSPs demonstrated differential induction upon exposure to
pathogens. For example, the CLIPB40 transcript was elevated in
response to fungal infection, whereas that of CLIPB41 increased
in response to E. cloacae (Figure 3B, and Figure S3). Overall,
these analyses indicate the regulatory complexity of activation
of the melanization cascade during immune responses.
Previously, we demonstrated that the transcriptional activa-
tion of PPO was regulated directly by RUNX4 and indirectly by
REL1, the transcriptional activator of the Toll immune pathway
(Zou et al., 2008). We were interested in whether IMP-1 and
IMP-2 genes also shared the same transcriptional regulation
mechanism with immune-inducible PPO genes. However,
RNAi experiments showed that the gene expression of IMP-1
and IMP-2 was not regulated by RUNX4. However, both IMP
and PPO genes were under the control of the Toll immune46 Immunity 32, 41–53, January 29, 2010 ª2010 Elsevier Inc.pathway (Figure 3C). Namely, gene targeting of both iCactus
and iREL1 compromised the induction of both IMPs and PPOs
by Cactus depletion, whereas gene targeting of both iCactus
and iRUNX4 had no effect on IMP gene induction (Figure 3C).
Specific Interactions of Serpins with CLIPB-cSPs
We conducted a yeast two-hybrid assay to detect specific
protein-protein interactions between serpins and their putative
counterpart CLIPB-cSPs. We constructed prey plasmids con-
taining each Serpin-1, Serpin-2, Serpin-3, and Serpin-23 (as
a control), and bait plasmids containing candidate CLIPBs. In
high-stringency selective growth media in which only strong
binding between prey and bait proteins complements the growth
of the yeast cells in the double depletion of His and Ade, we
observed that Serpin-1 bound to IMP-1,whereasSerpin-2 bound
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Figure 4. Identification of Serpin-Interacting MPs with Yeast Two-Hybrid Binding Assays and the Role of Mosquito TMP and IMP-1 in the
Formation of Spontaneous Melanotic Pseudotumor in Serpin-2-Depleted Ae. aegypti Mosquitoes
(A) Yeast two-hybrid binding test between serpins and melanization protease candidates in the high-stringency binding test media of SD-Leu-Trp-His-Ade with
X-a-gal. The plus sign refers to a positive control yeast colony that was transformed with pGBKT7-53 and pGADT7-RecT plasmids. The two plasmids encode
a fusion protein of GAL4 DNA-BD and murine p53, and a fusion between GAL4-AD and large T-antigen. Murine p53 and large T-antigen specifically bind to each
other. Theminus sign refers to a negative control yeast colony. Instead of pGBKT7-53, pGBKT7-Lamwas used to express human lamin C and to provide a control
for fortuitous interaction.
(B) Low-stringency yeast two-hybrid binding test in the media of SD-Leu-Trp-His with X-a-gal.
(C) Small (upper-right panel) to extremely large (lower-left panel) pseudotumors were found on internal tissues of the mosquitoes with Serpin-2 depletion. This
phenotype was recovered by triple RNAi targeting of Serpin-2, TMP, and IMP-1 (lower-right panel).
(D) The iSerpin-2-mediated formation of melanotic pseudotumors is compromised using a concurrent RNAi targeting of Serpin-2 with TMP and/or IMP-1. Mela-
nization rate is shown as a numeric proportion using a different RNAi gene-targeting treatment. Results from three independent experiments were analyzed
(Figure S4), and their mean values were separated using Tukey-Kramer HSD (p < 0.05). Means with the same asterisks are not significantly different (*, **,
or ***). The prefix i indicates the RNAi-mediated depletion of certain genes by direct injection of their corresponding dsRNAs. iLuc (luciferase dsRNA) were
used as controls.
Immunity
Distinct Melanization Pathways in Mosquitostrongly to TMP and weakly to IMP-1 (Figure 4A). In addition, we
found that IMP-2andCLIPB10couldbind toSerpin-1 in low-strin-
gency growth media, in which the yeast cells with relatively weak
binding between prey and bait proteins grow in the His-only
depleted media (Figure 4B). We excluded CLIPB10 as a possible
candidate for a major melanization protease from the present
analysis because its gene expression was not detectable with
RNA blot analysis in female adult mosquitoes (not shown). How-
ever,we cannot completely rule out its involvement in the immune
melanization cascade. We also tested in our yeast two-hybridassay CLIPB39, one of four CLIPBs belonging to the MP clade I
together with TMP (CLIPB38, CLIPB39, CLIPB40, and CLIPB41),
but could not detect its binding to any tested serpins under either
high- or low-stringency conditions (Figure 4). CLIPB5, amosquito
ortholog of Drosophila Easter, showed only weak binding to Ser-
pin-2 at the background level under low-stringency conditions
(Figure 4B). Taken together, these experiments revealed differen-
tial specificity of Serpin-1 and Serpin-2 in their interactions with
CLIPB-cSPs. In particular, Serpin-1 acts together with IMP-1
and IMP-2, whereas Serpin-2 acts with TMP and IMP-1.Immunity 32, 41–53, January 29, 2010 ª2010 Elsevier Inc. 47
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Figure 5. The Effect of Mosquito IMP-1 and
IMP-2 on the Cleavage of Hemolymph
PPOs in Serpin-1-Depleted Mosquitoes
and the Role of the MPs in the Defense
against Avian Malaria Parasite
(A) The compromise of the cleavage of hemolymph
PPOs by concurrent gene targeting of Serpin-1
with IMP-1 or IMP-1 plus IMP-2 (left panel).
Cactus-RUNX4 double depletion can also com-
promise the PPO cleavage by Cactus depletion
(right panel).
(B) Immune challenge by B. bassiana triggers the
cleavage of hemolymph PPOs
(C) Cactus depletion restricts P. gallinaceum
development by ookinete melanization, which
is compromised by IMP-1 or IMP-2. Data from
oocysts were collected from four independent
experiments with dsRNA-treated mosquitoes
(Figure S5A) and pooled; resulting sample size
and prevalence of oocysts are shown at the
top of each column. The number of fully devel-
oped oocysts in each midgut is shown as a circle.
The mean number of parasite oocysts for each
group is indicated by a black bar. Means of
melanized ookinetes are indicated by black
columns.
Immunity
Distinct Melanization Pathways in MosquitoThe Role of the Serpin-2-TMP-IMP-1 Module
in the Regulation of Tissue Melanization
RNAi Serpin-2 depletion resulted in the formation of small to
extremely largemelanotic pseudotumorson thesurfaceof internal
organs, a signature of the activation of tissue melanization (Fig-
ure 4C). Because TMP and IMP-1 have been found to specifically
bind toSerpin-2 in the two-hybrid yeast assay (Figure 4A), they are
primary candidates for proteases governing this tissue melaniza-
tion. In order to examine their potential roles in this process, we
conducted double-gene targeting RNAi experiments. We found
that the depletion of either TMP or IMP-1 substantially compro-
mised the formation of melanotic pseudotumors in mosquitoes
caused by RNAi depletion of Serpin-2 (Figure 4D, Figure S4).
Moreover,weobservedadistinct accumulative effect of depletion
of TMP and IMP-1, in triple RNAi gene targeting experiments of
Serpin-2 together with these two proteases (Figure 4C and 4D,
Figure S4). These results indicate that TMP and IMP-1 are key
proteases that activate the tissue melanization, exemplified by
the Serpin-2 deficient formation of melanotic tumors, and this
action requires the synergism of these two proteases.48 Immunity 32, 41–53, January 29, 2010 ª2010 Elsevier Inc.The Role of the Serpin-1-IMP-1
and IMP-2 Modules in the Cleavage
of Hemolymph PPOs
IMP-1 and IMP-2 genes are abundantly
expressed during the immune response
of adult female mosquitoes and their
products were shown to bind to Serpin-
1 in the yeast two-hybrid assay. There-
fore, we tested the roles of IMP-1 and
IMP-2 in the proteolytic cleavage of
hemolymph PPOs, which is regulated
by Serpin-1. Although the binding to
Serpin-1 was shown to be more spe-cific with IMP-1 (high and low stringency) than IMP-2 (only
low stringency), double targeting of Serpin-1 and IMP-1 only
partially compromised the PPO cleavage (data not shown).
Double targeting of Serpin-1 and IMP-2 or Serpin-1 and
CLIPB10 did not substantially compromise the PPO cleavage
(data not shown). However, when both IMP-1 and IMP-2
were depleted together with Serpin-1 by means of triple RNAi
knockdown, we observed a major compromise of the PPO
cleavage (Figure 5A). The cleavage of hemolymph PPOs was
also induced by fungal infection with the entomopathogenic
fungus Beauveria bassiana. Additionally, we found that RNAi-
mediated depletion of Cactus, an inhibitor of the Toll immune
pathway, resulted in the cleavage of hemolymph PPOs, similar
to that had also been observed with Serpin-1 depletion
(Figure 5A). This cleavage was abolished by RNAi targeting of
both Cactus and RUNX4. Taken together these results indicate
that the regulatory module of Serpin-1-IMP-1-IMP-2 is involved
in the cleavage of hemolymph PPOs and immune melanization,
which is specifically activated during immune responses
(Figure 5B).
Immunity
Distinct Melanization Pathways in MosquitoThe Role of IMPs in Defense against Malaria Parasites
Next, we investigated the potential role of the melanization
proteases TMP, IMP-1, and IMP-2 in the antiparasitic response.
RNAi-mediated depletion of Cactus resulted in the strong anti-
parasitic defense in both An. gambiae (Frolet et al., 2006) and
Ae. aegypti (Zou et al., 2008) mosquitoes. iCactus plus iIMP-1
or iCactus plus iIMP-2 double depletions substantially increased
the number of developed oocysts when compared with strong
refractoriness by Cactus depletion; the mosquitoes, however,
were still strongly refractory to the parasite in iCactus plus
iTMP double depletion (Figure 5C, and Figure S5A, related to
Figure 5). In contrast to the additive effect of both IMP-1 and
IMP-2 on PPO cleavage, we observed no additive antiparasitic
activity of both IMPs (Figure S5B, related to Figure 5B).
When compared with Cactus depletion, RNAi depletion of
Serpin-1, Serpin-2-, or Serpin-3 did not strongly affect the para-
site proliferation in mosquitoes (Figure S5C, related to Fig-
ure 5B). Similar results were obtained with double gene targeting
of Serpin-1 and Serpin-2. Hence, although action by Serpin-1
depletion alone was not sufficient to kill the parasite, the mel-
anization regulatory module of Serpin-1, IMP-1 and IMP-2 is
involved in the anti-Plasmodium immune response. Cactus is
thought to be an inhibitor of REL1, a NF-kB transcriptional acti-
vator of the Toll immune pathway. IMP-1 and IMP-2 genes are
regulated by the Toll immune pathway (Figure 3C). The fact
that Plasmodium refractoriness caused by Cactus depletion
was reversed by either IMP-1 or IMP-2 depletion indicates the
complicated crosstalk between the Toll and melanization path-
ways in the antipathogen response.
The Role of CLIPB5 and CLIPB29 in Regulation
of the Toll Immune Pathway
The cytokine Drosophila Spa¨tzle is proteolytically processed to
activate the Toll pathway by two CLIPB-cSPs—Easter and
SPE, which are terminal proteases of the SP cascade in the
Toll embryonic and immune pathways, respectively (Jang et al.,
2006; Kim et al., 2008). The phylogenic clustering of CLIPB-cSPs
showed that Aedes CLIPB5 was the ortholog of Drosophila
Easter and Aedes CLIPB37 belonged to the group of Drosophila
SPE (Figure 2A). When we depleted CLIPB5 and infected
mosquitoes with B. bassiana, we found that the induction of
two Toll-pathway-dependent genes—Serpin-2 and Toll5A (Shin
et al., 2006)—was impaired (Figure 6A). The result was similar
after depletion of REL1, a mosquito ortholog of Drosophila
Dorsal. This indicates that CLIPB5 from MP clade III plays
a role in the fungal activation of the Toll immune pathway in
Ae. aegypti. In contrast, depletion of CLIPB37 had no effect
(Figure 6A).
We previously reported that the depletion of Aedes Serpin-2
resulted in a mild induction of several Toll-pathway-dependent
immune genes (Zou et al., 2008). InDrosophila, a Spn27A-Easter
regulatory module was shown to be involved in the proteolytic
activation of Spa¨tzle during embryogenesis (Hashimoto et al.,
2003; Ligoxygakis et al., 2003). Therefore, we tested whether
Aedes Serpin-2 interacted with CLIPB5. However, we found no
specific binding between Serpin-2 and CLIPB5 by using the
yeast two-hybrid tests under high-stringency conditions (Fig-
ure 4A), and testing under low-stringency conditions yielded
inconclusive results (Figure 4B). This suggests that anothermosquito CLIPB-cSP is most likely involved in Serpin-2-medi-
ated regulation of the Toll pathway. Conversely, the precise iden-
tity of serpin specific to CLIPB5 remains to be determined.
To find a CLIPB-cSP that interacts with Serpin-2 in the Toll
pathway, we screened the Serpin-2 binding protein by using
a yeast two-hybrid library screening system. We constructed a
prey library from isolated mRNA from the mosquitoes 2 days
after B. bassiana infection. When we screened the library with
a bait plasmid containing Serpin-2, we isolated a clone of
CLIPB29, which specifically bound to Serpin-2 under high-strin-
gency conditions (Figure 6B). We developed a phenotype to
assess the role of the Serpin-2-CLIPB29 module. Transcripts
of five CLIPB-cSP genes (CLIPB5, CLIPB37, CLIPB15, CLIP24,
and CLIP35) were specifically induced by B. bassiana infection
and Cactus RNAi depletion and were reduced by Toll5A deple-
tion after B. bassiana infection, suggesting that these CLIPB-
cSPs genes were regulated by the Toll immune pathway (Fig-
ure 6C). Interestingly, Serpin-2-CLIPB29 double RNAi targeting
specifically abolished gene expression of only CLIPB15 and
CLIPB35 elevated by Serpin-2 depletion but not of CLIPB5,
CLIPB24, and CLIPB37 (Figure 6C). This induction was also
abolished by double RNAi targeting of Serpin-2 and Toll5A,
showing that the gene induction by Serpin-2 depletion was
mediated by the Toll pathway (Figure 6C). However, we found
no obvious effect of CLIPB29 gene targeting on the induction
of CLIPB15 and CLIPB35 genes after fungal infection (Fig-
ure 6C). Likewise, depletion of CLIPB29 had no effect on the
induction of Serpin-2 and Toll5A genes (Figure 6A). These results
suggest that the Serpin-2-CLIPB29 module is involved in Toll-
pathway-regulated events, which are distinct from the antifungal
immune response mediated by CLIPB5. Interestingly, CLIPB29
itself is regulated by Toll-mediated fungal infection. Its transcript
is elevated by infection with B. bassiana and RNAi-mediated
depletion of Cactus and Serpin-2. When comparing the gene
activation of the CLIPB-cSPs by means of Serpin-2 depletion,
CLIPB29 showed the most enhanced activation (Figure 6D).
This proves again the close connection between CLIPB29 and
Serpin-2.
DISCUSSION
The arthropod melanization reaction represents an excellent
system for studying regulatory complexity of SP cascades.
In insects and other arthropod species, major steps in the mela-
nization cascade have been elucidated bymeans of biochemical
and genetic studies (Cerenius and So¨derha¨ll, 2004; Cerenius
et al., 2008). However, it remains unclear how a single melaniza-
tion cascade is regulated in the context of numerous physio-
logical functions. Deciphering regulatory mechanisms leading
to melanization during distinct defense responses, such as
wound healing or pathogen sequestration, is of particular inter-
est. Genetic studies in Drosophila have identified that serpin
Spn27A, an ortholog of Manduca Serpin-3, is required for the
regulation of PPO activation during wound healing andmelanotic
tumor formation (De Gregorio et al., 2002; Ligoxygakis et al.,
2002a). RNAi-mediated depletion of Serpin-2 (a mosquito ortho-
log of Spn27A) resulted in the formation of melanotic tumors in
mosquitoes, An. gambiae and Ae. aegypti (Michel et al., 2005;
2006; Zou et al., 2008). More recently, it has been demonstratedImmunity 32, 41–53, January 29, 2010 ª2010 Elsevier Inc. 49
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Figure 6. The Role of CLIPB5 and CLIPB29 in the Mosquito Toll Pathway
(A) Effect of CLIPB5 depletion in the activation of mosquito immune genes, Serpin-2, and Toll5A after B. bassiana infection was shown by RNA blot (upper panel)
and real-time RT-PCR (lower panel) analyses. Both of these immune genes are regulated by the Toll pathway (Shin et al., 2006), as shown in REL1 depletion by
both RNA blot analysis and real-time RT-PCR analysis. The results shown are representative of at least two independent experiments.
(B) Identification of CLIPB29 as a Serpin-2-binding protein by means of yeast two-hybrid screening. The pGADT7 plasmid harboring CLIPB29 cDNA fragment
was screened form a yeast two-hybrid library, and the binding was confirmed in high-stringency test media of SD-Leu-Trp-His-Ade with X-a-gal. The plus and
minus signs refer to controls, as in Figure 4.
(C) The role of CLIPB29 in activation of the Toll pathway by Serpin-2 depletion. The induction of CLIPB15 and CLIPB35 by Serpin-2 depletion was compromised
by double depletion of Serpin-2 and CLIPB29, as well as Serpin-2 and Toll5A.
(D) The immune-inducible, Toll pathway-dependent and Serpin-2-dependent activation of CLIPB29.
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Immunity
Distinct Melanization Pathways in Mosquitothat another Drosophila serpin, Spn28D, has a distinct function,
being involved in regulation of hemolymph and trachea melani-
zation. Epistatic genetic analysis further indicated that Spn28D
acts together with Spn27A in the control of hemolymph PO
activity in Drosophila (Scherfer et al., 2008). Moreover, Spn77Ba
is an essential component of the cascade, regulating bacterially
induced melanization in the respiratory system of Drosophila
(Tang et al., 2008). These studies demonstrate the complexity
and specificity of regulation of the melanization cascade in
Drosophila. Although Easter has been identified as the develop-
mental protease substrate of Spn27A (Hashimoto et al., 2003),
protease targets of most serpins involved in melanization
remain largely uncharacterized. Biochemical data have shown
that prophenoloxidase-activating enzyme (POP or PPAE), the
protease that cleaves PPO, is the target of Serpin-3 inManduca
sexta (Zhu et al., 2003). This protease has also been suggested to
be the target of Drosophila Spn27A because recombinant
Spn27A inhibits the beetle PPAE in vitro (De Gregorio et al.,
2002). However, recent genetic studies have identified two
proteases, named MP1 and MP2 (melanization protease), that
define a melanization cascade regulated by Spn27A, which is
activated by microbial infection in Drosophila (Tang et al.,
2006). In addition, MP1 and MP2 appear to be the targets of
Spn77Ba in the tracheal melanization (Tang et al., 2008).
Diversification of genes encoding serpins and SPs poten-
tially involved in melanization in mosquitoes, particularly in
Ae. aegypti, provides a fruitful ground for deciphering their roles
in distinct pathways governing this reaction. A wide range of
pathogens infecting mosquitoes, including Plasmodium, greatly
enhances such analyses. Our data suggest existence of at least
two specific modules of serpins and CLIPB-cSPs participating in
separate melanization responses in Ae. aegypti. IMP-1 and
IMP-2 are targets of Serpin-1; this module is implicated in
immune melanization triggered in response to microbial and
Plasmodium infections (Figure S6). In contrast, the Serpin-2-
TMP and IMP-1 module is engaged in the tissue melanization
pathway. The mechanism of PPO activation in these two types
of melanization is distinct. Hemolymph melanization is used for
sequestering pathogens (Hillyer and Christensen, 2005) and
tissue melanization has physiological functions in wound healing
and cuticle sclerotization (Asano and Ashida, 2001).
Importantly, we present specific evidence that IMP-1 and
IMP-2 are involved in anti-Plasmodium defense. RNAi-mediated
Cactus depletion has previously been shown to result in Plasmo-
dium refractory phenotype in An. gambiae (Frolet et al., 2006)
and Ae. aegypti (Zou et al., 2008). In this study, we demonstrated
that IMP-1 and IMP-2 compromise this phenotype inAe. aegypti,
strongly suggesting involvement of the Serpin-1-IMP-1 and
IMP-2melanization module in defense against malaria parasites.
We have previously reported that the melanotic pseudotumor
formation resulting from Serpin-2 depletion did not substantially
change the oocyst number of the avian parasite in Ae. aegypti
(Zou et al., 2008), similar to the effect of Serpin-2 on the human
parasite in An. gambiae (Michel et al., 2006). These findings have
been reinforced by the results of our present study showing that
the mosquitoes are still strongly refractory to the parasite in the
Cactus-TMP double depletion. Hence, we have concluded that
the Serpin-2-TMP module is not involved in anti-Plasmodium
defense. A noncatalytic cSPH, CLIPA8, has been shown toparticipate in bacterial and Plasmodium melanization, although
it is not required for either melanization of the wound surface
or formation of melanotic pseudotumors in Serpin-2-depleted
Anopheles mosquitoes (Schnitger et al., 2007). However,
whether the Aedes CLIPA8 ortholog is related to the pathway
that involves the Serpin-1-IMPs module remains to be deter-
mined.
We have further uncovered the complexity of the relationship
existing between cSPs and serpins in Ae. aegypti. CLIPB29
represents a SP that has arisen as a result of species-specific
expansion of a unique clade, consisting of three CLIP proteases:
B29, B30, and B31. The function of CLIPB29 as a Serpin-2
binding protein was characterized by means of yeast two-hybrid
screening. Moreover, the Serpin-2-CLIP29 module is involved in
the activation of Toll-regulated genes, such as CLIPB15 and
CLIPB35. However, we found no obvious effect of CLIPB29
gene targeting on the activation of these genes after fungal infec-
tion. Thus, this module of Serpin-2-CLIPB29 probably regulates
Toll-pathway events distinct from those of the antifungal immune
responses in Ae. aegypti.
In contrast, we established that the antifungal immune
response in Aedes is mediated by CLIPB5, an ortholog of
Drosophila Easter. RNAi-mediated depletion of CLIPB5 had
a similar effect to that of REL1, in which the induction of two
Toll pathway-dependent genes was impaired in mosquitoes in-
fected with B. bassiana. In Drosophila, the module of the serpin
Necrotic and the cSP Persephone regulates the Toll-mediated
antifungal immunity (Ligoxygakis et al., 2002a). Moreover, recent
large-scale RNAi in vivo screening has revealed five additional
proteases located downstream of Persephone (Kambris et al.,
2006). One of these proteases, a Spa¨tzle-processing enzyme
(SPE), has been proven to be the final protease in this cascade,
directly cleaving and activating the Toll receptor ligand Spa¨tzle
(Jang et al., 2006). Our results suggest that CLIPB5 is a compo-
nent of a similar protease activation cascade of the Toll-medi-
ated antifungal immune response in Ae. aegypti.
In conclusion, in this study, we have demonstrated that there
are at least two melanization regulatory modules in the mosquito
Ae. aegypti: the Serpin-2-TMP-IMP-1 module, which is respon-
sible for tissue melanization, and the Serpin-1-IMP-1-IMP-2
module, responsible for cleavage of hemolymph PPOs and anti-
parasitic defense. Moreover, we identified a module of Serpin-2-
CLIPB29 that is unique to Ae. aegypti and involved in regulation
of the Toll pathway. Results of this study contribute to our under-
standing of the complexity of the melanization reaction and its
involvement in antipathogen and antiparasitic immunity.EXPERIMENTAL PROCEDURES
Experimental Animals
The mosquito Ae. aegypti UGAL/Rockefeller strain was raised as described
previously (Hays and Raikhel, 1990), and the avian malaria parasite P. gallina-
ceum was maintained in the laboratory as described (Zou et al., 2008).
Chickens were housed in cages in the psychology building vivarium, and all
procedures were preapproved by the Institutional Animal Care and Use
Committee.
Yeast Two-Hybrid Binding Test and Screening
Bait plasmids were constructed by introducing cDNA fragments encoding ser-
pin proteins into the GAL4 DNA-binding domain vector pGBKT7 (Clontech).Immunity 32, 41–53, January 29, 2010 ª2010 Elsevier Inc. 51
Immunity
Distinct Melanization Pathways in MosquitoThe cDNA fragments encoding SP domains of CLIPBs were cloned into the
GAL4 DNA-activation domain vector pGADT7 and used as prey plasmids.
For the screening of Serpin-2 binding proteins, a GAL4-AD fusion library
from the mosquitoes 2 days after septic injury with B. bassiana was con-
structed by using the Matchmaker Two-Hybrid Library Construction &
Screening Kit (Clontech). Both bait and prey plasmids were transformed simul-
taneously into AH109 yeast cells using YeastMaker Yeast Transformation
System 2 (Clontech), and their binding was tested in the medium of synthetic
dropout (SD)-Leu-Trp-His (low stringency) or SD-Leu-Trp-His-Ade (high strin-
gency) supplemented with X-a-gal.
Synthesis and Microinjection of dsRNA, Septic Injury, RT-PCR,
and RNA Blot Analysis
The experiments were performed as described (Zou et al., 2008). Primers are
listed in Supplemental Experimental Procedures. Gene targeting of specific
genes after dsRNA injection was confirmed by means of RT-PCR and real-
time PCR (data not shown).
Real-Time RT-PCR and Immunoblot Analyses
The experiments were performed as described (Hansen et al., 2005). Primers
for real-time RT-PCR are listed in Supplemental Experimental Procedures. The
primary antibody against M. sexta PPO1 and PPO2 (generously provided by
H. Jiang) was used for the immunoblot analysis. Groups of five mosquitoes
were homogenized for the preparation of whole animal extracts. Hemolymph
from 20 beheaded mosquitoes was collected into 20 ml of 1 3 protease inhib-
itor cocktail (Roche) by centrifugation at 5,000 rpm for 5 min with Qiashredder
column (QIAGEN). Antibodies against b-actin (Sigma) or Aedes Lipophorin II
(Cheon et al., 2006) were used as loading controls.
Computational and Statistical Analyses
All sequences were retrieved fromNCBI or Ensembl databases. Serpin and SP
sequences were aligned with ClustalX2.0 (Matrix Blosum series, a gap penalty
of 10 and an extension gap penalty of 0.1). A bootstrap unrooted phylogenic
tree was built using the neighbor-joining method. Data on Plasmodium refrac-
toriness from three independent experiments were collected and analyzed
using the Kolmogorov-Smirnov goodness-of-fit test and pooled. Statistically
significant differences between samples were evaluated with the Mann-Whit-
ney U test (Graphpad 5.0), and p values were less than 0.01. For evaluation of
melanotic tumor formation, data generated from three independent experi-
ments were tested for statistical significance by means of Tukey-Kramer
HSD (p < 0.05).
SUPPLEMENTAL INFORMATION
The Supplemental Information includes six figures and Supplemental Experi-
mental Procedures and can be found with this article online at doi:10.1016/
j.immuni.2009.11.011.
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